How are the activities of proteins involved in the general process of programmed cell death regulated in specific cell types during development? This question has been addressed using systems in which clearly defined developmental cues lead to the deaths of specific cells. another neural cell type, the I2 sisters, which seem to Genetic analysis of the nematode Caenorhabditis be unaffected by ces-2 mutations. In ces-1(lf) mutants, elegans has helped identify and analyze genes involved the NSM sisters and I2 sisters die, just as they do in in programmed cell death (reviewed by Metzstein et al.,
general components of programmed cell death are regubut not ces-2(lf) animals (Ellis and Horvitz, 1991). NSM sister and I2 sister survival can also be observed in lated, we have molecularly characterized the ces-1 ces-1(ϩ) ces-2(ϩ) animals carrying a ces-1 transgene gene.
( Table 1) . We interpret the survival the NSM sisters and I2 sisters to be a result of ces-1 overexpression (from the Results teristic of both ces-1(gf) and ces-2(lf) animals, and also a Data from Ellis and Horvitz (1991).
ces-1 Mapping and Rescue
showed I2 sister cell survival, characteristic of ces-1(gf) multiple copies on the extrachromosomal array), sugces-1. We named the calponin-encoding gene cpn-1 (calponin). By contrast, a construct with a disruption of gesting that the survival phenotype seen in ces-1(gf) mutants could be a consequence of overexpression or the zinc finger gene was unable to rescue the ces-1 mutant phenotype ( Figure 1B) . Furthermore, restoration ectopic expression of a wild-type gene product. of the zinc finger gene restored ces-1-rescuing activity ( Figure 1B ). These data demonstrate that ces-1 encodes ces-1 Encodes a Snail Family Zinc Finger Protein We determined the sequence of the 7.7 kb minimal resa zinc finger containing protein. Although the subclone pMM#4 and the cosmid F31C2 both contain the entire cuing fragment and analyzed the sequence with the programs BLAST (Altschul et al., 1990) and GENEces-1-coding region ( Figure 1A ) and at least as much sequence 5Ј to ces-1 as the rescuing subclone pMM#5, FINDER (Favello et al., 1995). These analyses suggested that the fragment contained two complete transcription both failed to rescue. We suspect that there is an enhancer element 3Ј to ces-1, beyond the calponin tranunits. One of the transcription units encodes a protein with similarity to C 2 H 2 zinc finger proteins (Klug and scription unit, required for proper ces-1 expression. We isolated cDNAs corresponding to the ces-1 gene, Schwabe, 1995), while the other encodes a member of the calponin family of smooth muscle proteins (eldetermined their sequences, and used RACE (rapid amplification of cDNA ends) to identify the 5Ј end of the Mezgueldi, 1996).
To determine which, if either, of these two candidates transcript ( Figure 2A ). These analyses revealed the presence of a single long open reading frame predicted to was responsible for ces-1-rescuing activity, we specifically disrupted each. We found that a construct with a encode a 270-amino acid 30 kDa protein with four C 2 H 2 and one C 2 HC zinc finger at the C terminus ( Figure 2A) . disruption of the calponin family gene was capable of rescuing the ces-1 mutant phenotype ( Figure 1B) , sugBoth in overall structure and in sequence similarity within the zinc fingers, CES-1 is a member of the Snail gesting that the calponin gene does not correspond to 
Analysis of ces-1 Alleles
There exist three independently isolated ces-1 gain-offunction alleles (n703, n1895, and n1896) and two ces-1 loss-of-function alleles (n703 n1406 and n703 n1434); the loss-of-function alleles were isolated by the rever- from each of the alleles, using the minimal 7.7 kb rescuing fragment as a probe (data not shown). The allele n703 n1406 showed a polymorphic pattern for all restriction of 1.2 kb spanning the large fourth intron, and of 1.2 kb enzymes tested. Using a series of probes from the ces-1 located 3Ј of the 3Ј end of the ces-1 transcript (which region, we further characterized n703 n1406 and found includes cpn-1). We identified a mismatch using a probe that this allele consists of a complex rearrangement generated from DNA located 5Ј of the transcription start involving a deletion of about 1 kb of DNA in the 3Ј region site (data not shown). We determined the sequence of of the ces-1 gene and an associated insertion of more this region in DNA from the wild type and from the three than 10 kb of DNA next to the deletion. We have not gain-of-function mutant n703, n1895, and n1896 aniidentified the source of the inserted material. The delemals. We found that all of the gain-of-function alleles tion disrupts the second and eliminates the third, fourth, contain an identical G-to-A transition mutation located and fifth zinc fingers. This rearrangement probably also 601 bp before the transcription start site as compared disrupts cpn-1. We have not observed any phenotype to the wild type. Since the ces-1(gf) mutations are not associated with a loss of function of cpn-1.
within the ces-1 transcript and are a considerable disTo identify the molecular lesions in the remaining four tance from the putative transcription start site, it is likely alleles, we determined the sequences of ces-1 exons, that these mutations are in a cis-regulatory sequence. the majority of introns (all but the large fourth intron), 5Ј and 3Ј UTRs, and about 50 base pairs (bp) 5Ј of the transcription start of ces-1 in ces-1 mutant animals. The , 1994) to detect base differences between these binding is specific: when the oligonucleotide was mutated such that three consensus bases were altered to PCR products. We performed this analysis on DNA fragments of 0.9 kb located 5Ј of the transcription start site, nonconsensus bases or when the site was not present in the oligonucleotide, neither GST:CES-1 nor GST:Snail this C. briggsae clone included a homolog of cpn-1, providing evidence that the hybridizing clone contained bound the mutant site (Figure 3) . the C. briggsae equivalent of ces-1 rather than some other closely related snail family gene. The C. briggsae Analysis of C. briggsae ces-1 Genetic evidence suggests that ces-1 acts downstream CES-1 protein shows a pattern of conservation typical of Snail family members: the N terminus is not particularly of and is negatively regulated by the gene ces-2 (Ellis and Horvitz, 1991). Since ces-2 encodes a transcription highly conserved (56% identity compared to C. elegans CES-1), while the C-terminal zinc fingers are highly confactor, we wanted to determine whether this negative regulation might be mediated by direct transcriptional served (97% identity) (alignments not shown).
CES-1 Binds to Consensus Snail-Binding Sites
When we compared the sequence of noncoding rerepression. To identify regions of the ces-1 locus important in gene regulation, we used phylogenetic comparigions around the C. elegans and C. briggsae ces-1 genes, we found that there is almost no conservation son of genomic sequence. By low-stringency hybridization to a C. elegans ces-1 cDNA probe, we isolated between the two species, consistent with what has been observed for other genomic regions (Fitch and Thomas, clones from a genomic library made from the closely related nematode Caenorhabditis briggsae. We deter-1997). Two regions are exceptions. First, there is a stretch of moderate conservation mined about 6 kb of sequence of a subclone derived from one of the clones and compared this sequence within the ces-1 fourth intron ( Figure 4A ) (70% identity over a 156 bp region, alignment not shown). This region to our C. elegans sequence ( Figure 4A ). We found that ( Figure 5A ). This shift required CES-2 protein, as it was not observed in a control experiment using the in vitro Mauhin et al., 1993) ( Figures 4B and 4D) , suggesting the possibility that ces-1 may autoregulate. With the transcription/translation mix alone ( Figure 5A ). We then used various unlabeled double-stranded oligonucleoexception of a single, conservative substitution within site III, these sites are also conserved in the C. briggsae tides as competitors. We found that the optimal binding a cell-killing activity of ced-9 (Hengartner and Horvitz, NSM sisters (71%) than the ces-1(ϩ); ced-9(n2812); cedces-1(ϩ); ced-9(ϩ); ced-3(n2427) 10 Ϯ 5 3(n2427) strain. Hence, we conclude that in the absence ces-1(n703); ced-9(ϩ); ced-3(n2427) 88 Ϯ 6 of ced-9 activity, ces-1(n703) can no longer efficiently ces-1(ϩ); ced-9(n2812); ced-3(n2427) 59 Ϯ 8 block programmed cell death of the NSM sister cells.
ces-1(n703); ced-9(n2812); ced-3(n2427) 71 Ϯ 8
Discussion
Each number represents the percentage of NSM sister cells observed in each of the strains. The errors in the data are 95% confidence limits calculated using the binomial distribution (Zar, 1974) .
A Zinc Finger Protein Controls the Deaths of Certain
At least 100 sides were scored for each genotype. All the strains
Neurons in C. elegans
also contained dpy-17(e164) as a cis-linked marker for the ced-9
The cell death specification gene ces-1 encodes a Snail mutation.
family zinc finger transcription factor that is particularly closely related in sequence to the Drosophila Snail family protein Scratch. Scratch is expressed in all develsite competed the labeled probe for binding (Figures 5A oping neurons during Drosophila embryogenesis and is and 5B). This competition was specific: an oligonucleothought to promote neural differentiation by blocking tide competitor that contained a mutated binding site nonneuronal cell fates, since loss-of-function mutations with four base changes (M in Figure 5A ) did not compete in scratch lead to a slight neuronal hypoplasia (Roark for binding, even at a 1000-fold higher molar ratio than et al., 1995). Like scratch, the ces-1 gene can be considthe labeled probe ( Figures 5A and 5B) . The putative CESered to act to promote neuronal fates, since ces-1(gf) 2-binding site upstream of ces-1, which differs from a mutations (and presumably overexpression of wild-type CES-2 optimal site at two bases, competed for binding ces-1) causes the NSM sisters and I2 sisters to become with the labeled probe ( Figures 5A and 5B ), although at neurons (Ellis and Horvitz, 1991). By analogy to ces-1, a somewhat lower efficiency than did the optimal site. which acts to prevent the NSM sisters from undergoing Hence, we conclude that CES-2 can bind, at least in programmed cell death, scratch might also act to previtro, the site upstream of ces-1. vent neuronal cells from undergoing programmed cell Next we tested whether the ces-1(gf) mutation can death. In other words, the nonneuronal fate blocked affect the binding of IVT CES-2 to the binding site in by scratch could be programmed cell death, and the the ces-1 upstream element. We found no significant neurons missing in scratch animals could be missing difference in binding between the wild-type and mutated because they underwent programmed cell death. version of the site ( Figure 5C (Roark et al., 1995). These data have led to a model in This finding indicated that ces-1 acts upstream or paralwhich either promotion of a neuronal fate, by deadpan, lel to ced-9. To help distinguish between these alternaor inhibition of nonneuronal fates, by scratch, is suffitives, we examined whether ced-9 activity is required cient for neuronal differentiation (Roark et al., 1995) . A for ces-1(gf) activity to block programmed cell deaths. similar model might explain why ces-1 loss-of-function Specifically, we tested whether ces-1(gf) could still block mutants appear to be wild type in phenotype: ces-1 the deaths of the NSM sisters in a ced-9(null) backmight function to block programmed cell death in some ground. Because ced-9 loss-of-function mutations are or all developing C. elegans neurons; however, promolethal (Hengartner et al., 1992) , we used a weak cedtion of neuronal fates is sufficient to overcome the ten-3(lf) mutation, n2427, to suppress the lethality of the dency of neurons to undergo programmed cell death in ced-9(null) mutation. First, we tested whether the effect ces-1(lf) mutants. bHLH proteins expressed during C. of ced-3(n2427) on NSM sister survival can be distinelegans neurogenesis have been identified (Krause et guished from that of ces-1(gf) ( Table 2 ). In a ces-1(ϩ); al., 1997), but their loss-of-function phenotypes have ced-3(n2427) mutant, we found that approximately 10% not yet been described. of NSM sister cells survive. By contrast, we found that the ces-1(n703); ced-3(n2427) strain has approximately 88% NSM sister survival. Hence, as in a ced-3(ϩ) back-
The Nature of ces-1 Gain-of-Function Mutations Our molecular analysis suggests that the ces-1 gain-ofground, in a ced-3(n2427) background ces-1(n703) can block death of the NSM sisters. function phenotype may be caused by overexpression of an otherwise wild-type gene product, since extrachroIs this activity of ces-1 dependent on the activity of ced-9? In a ces-1(ϩ); ced-9(n2812); ced-3(n2427) strain, mosomal arrays carrying the wild-type ces-1 locus show a ces-1 gain-of-function phenotype and the gain-ofwe found that 59% of NSM sisters survive. This increase over the ced-3(n2427) strain has been interpreted as function mutations do not alter the ces-1 transcript.
However, earlier gene dosage studies had indicated that structure or other proteins might modulate CES-2 binding specificity (Suckow and Hollenberg, 1998). For inwild-type ces-1 antagonizes the gain-of-function alleles (Ellis and Horvitz, 1991). Furthermore, our molecular stance, since many bZIP proteins function as heterodimers in vivo, the binding affinity of CES-2 might be analysis suggests that the two ces-1 loss-of-function alleles completely eliminate function; both are expected modulated by a bZIP partner (Kerppola and Curran, 1993). Finally, ces-1 gain-of-function mutations lead to to eliminate zinc fingers, which should be necessary for CES-1 function. Again, this result is inconsistent with survival of both NSM sisters and I2 sisters, whereas ces-2 loss-of-function mutations lead only to NSM sister gene dosage studies, which suggested that the ces-1 loss-of-function alleles have residual activity (Ellis and survival. These observations suggest that the ces-1 gain-of-function mutations disrupt the binding of anHorvitz, 1991). These inconsistencies between the molecular and genetic data could be explained by the presother, possibly I2 sister-specific, regulatory factor. Another candidate for being a ces-1-negative regulaence of interacting loci in the deficiencies and duplications used for genetic dosage studies. Such loci could tory factor is the CES-1 protein itself, since the ces-1 upstream element contains a number of sites with high have had a modulatory effect on ces-1 activity and hence confounded the genetic analysis. similarity to Snail family consensus-binding sites and can bind CES-1 protein (our unpublished observations). Surprisingly, all three ces-1 gain-of-function mutations are identical, suggesting either that only this base Although the sequence around the site of the gain-offunction mutations has some similarity to a Snail family can mutate to generate viable animals with a Ces-1 phenotype or that this particular base is very sensitive consensus-binding site, CES-1 does not seem to bind to this site in vitro. Again, one possibility is that such to EMS mutagenesis. We favor the latter alternative. This mutation has been isolated at a frequency of about binding can be detected only in a cellular context. Autoregulation is not unusual for eukaryotic transcription 1/10,000 genomes screened (Ellis and Horvitz, 1991). While slightly lower than the loss-of-function frequency factors (Bateman, 1998), and, for transcriptional repressors, may be involved in modulating the temporal exfor a typical gene (Brenner, 1974 , 1996) into plasmid pAS1 (Bai and Elledge, 1997) C. elegans was raised using standard methods (Brenner, 1974 GST:CES-1, the 1ϫ buffer comprised: 25 mM HEPES (pH 7.5), 100 transformation marker. We established transgenic lines (non-UncmM KCl, 10 g/ml poly dI·dC, 10% glycerol, 3 mM MgCl 2 , 20 g/ 76) at 20Њ and grew the lines at 25Њ for at least one generation to ml BSA, 1 mM EDTA, 0.05% Nonidet NP-40, and 1 mM DTT. For score the temperature-sensitive Ces-2 phenotype of NSM sister IVT CES-2, the 1ϫ buffer comprised: 10 mM HEPES (pH 7.5), 133 survival. The appearance of NSM sisters was scored by direct obsermM KCl, 150 g/ml poly dI·dC, 10% glycerol, 500 g/ml BSA, 0.1 vation using Nomarski differential interference contrast microscopy, mM EDTA, and 0.25 mM DTT. Reactions were incubated at either as previously described (Ellis and Horvitz, 1991). Lines containing 20Њ or 30Њ for 30 min and then separated using 6% polyacrylamide pU76-16B alone had 2.7% NSM sister survival (n ϭ 330 possible gels made up in 1ϫ TGE ϩ 2.5% glycerol (1ϫ TGE ϭ 25 mM Tris, NSM sisters, in three lines). We considered lines with greater than 190 mM glycine, 1 mM EDTA) and using 1ϫ TGE as the running 30% of the NSM sisters surviving to be rescued (ces-2(n732ts) anibuffer. Gels were run at room temperature at 35 mA, dried, and mals had 37% NSM sister survival at 25Њ). Cosmids were injected exposed and quantitated on a phosphorimager detection system. at 20 ng/l each. Plasmids and pU76-16B were injected at 50 ng/ The sequences of the probes used for testing CES-2 binding were: l each. For characterization of the ces-1(gf) phenotype induced by optimal, ATTACGTAAT; mutant, AACACGTGTT; site in ces-1, 5Ј a ces-1 transgene, we injected animals of the genotype unc-76(e911) RTATGATGTAAC (where R is G for the wild-type site, and R is A for with pU76-16B with and without the ces-1 minimal rescuing fragthe ces-1 gain-of-function site). ment pMM#5. We established and scored these transgenic lines at 20Њ. Acknowledgments To disrupt the calponin family member, we digested the 7.7 kb minimal rescuing construct at a unique NcoI site located in the We thank Gillian Stanfield, Rajesh Ranganathan, and Peter Reddien second exon of the calponin, filled in the overhang with Klenow for comments concerning the manuscript; Bill Achanzar and Sam fragment polymerase, and religated the ends. This procedure introWard for providing the map location of fer-1 prior to publication; duced a 4 bp insertion into the calponin gene, creating a frameshift 
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